Previous studies show that aberrant tryptophan catabolism reduces maternal immune tolerance and adversely impacts pregnancy outcomes. Tryptophan depletion in pregnancy is facilitated by increased activity of tryptophan-depleting enzymes [i.e. the indolamine-2,3 dioxygenase (IDO)1 and IDO2) in the placenta. In mice, inhibition of IDO1 activity during pregnancy results in fetal loss; however, despite its important role, regulation of Ido1 gene transcription is unknown. The current study shows that the Ido1 and Ido2 genes are imprinted and maternally expressed in mouse placentas. DNA methylation analysis demonstrates that nine CpG sites at the Ido1 promoter constitute a differentially methylated region that is highly methylated in sperm but unmethylated in oocytes. Bisulfite cloning sequencing analysis shows that the paternal allele is hypermethylated while the maternal allele shows low levels of methylation in E9.5 placenta. Further study in E9.5 placentas from the CBA/J X DBA/2 spontaneous abortion mouse model reveals that aberrant methylation of Ido1 is linked to pregnancy loss. DNA methylation analysis in humans shows that IDO1 is hypermethylated in human sperm but partially methylated in placentas, suggesting similar methylation patterns to mouse. Importantly, analysis in euploid placentas from first trimester pregnancy loss reveals that IDO1 methylation significantly differs between the two placenta cohorts, with most CpG sites showing increased percent of methylation in miscarriage placentas. Our study suggests that DNA methylation is linked to regulation of Ido1/IDO1 expression and altered Ido1/IDO1 DNA methylation can adversely influence pregnancy outcomes.
Introduction
Genomic imprinting is a naturally occurring biological phenomenon resulting in parent-of-origin specific expression of genes. Many imprinted genes are clustered in a locus consisting of both maternally and paternally expressed genes (7) . The organization of imprinted genes reflects that there is a common cis-acting mechanism regulating imprinting of the entire locus. The best characterized imprinting mark is DNA methylation; many imprinting loci contain a differentially methylated region (DMR) that serves as the imprinting control region (7) . Imprinted genes play crucial roles during fetal, placental and postnatal development in mammals, and aberrant imprinting regulation has been linked to human disorders related to growth, metabolism and neurobehavioral development (27) . Despite their important developmental roles, imprinted genes represent <1% of mammalian genes, and to date, ∼150 genes have been identified as imprinted in mice and humans. The initial discovery of imprinted genes was performed using classical genetic and molecular approaches (8, 10, 18, 42) . In recent years, however, multiple approaches including comparative methodologies for genomic features (33) , gene expression (4, 34) and DNA methylation (16, 24) of various tissues have contributed to identification of novel imprinted genes.
In an ongoing study characterizing the impact of tryptophan catabolism on pregnancy health, our laboratory recently discovered that the genes encoding tryptophan-catabolizing enzymes, the indolamine-2,3 dioxygenase (IDO)1 and IDO2, are imprinted in mouse extra-embryonic tissue. An essential amino acid, tryptophan is not synthesized de novo in mammals and must be acquired from dietary sources. The majority of tryptophan is catabolized to produce nicotinamide adenine dinucleotide or NAD (15) . The rate limiting step of the pathway is the conversion of tryptophan into kynurenine, mediated by the IDO1 and IDO2 enzymes; IDO1 is the major enzyme due to its higher affinity for tryptophan (15) . Sharing ∼83% homology to human, the mouse Ido1 gene is located on chromosome 8 approximately 20.6 kb upstream of Ido2. The Ido1 gene is expressed in the uterus, placenta, decidua, lymph node and spleen (56) . IDO1 protein depletes tryptophan from the local microenvironment to produce bioactive kynurenine catabolites (15, 56) .
In human pregnancy, maternal tryptophan plasma levels naturally decline by 30-40% from first to third trimester (1, 32, 45) . Increased plasma or tissue tryptophan levels are more frequently observed in women with miscarriages or pathological pregnancies (6, 47) , demonstrating that its proper catabolism could influence pregnancy outcomes. High levels of kynurenine contribute to immune response suppression (15) . In the placenta, tryptophan catabolism protects the allogeneic fetus by suppressing maternal immune responses (2, 37) . Previous studies show that pharmacological inhibition of mouse IDO1 results in fetal resorption in allogeneic pregnancies (37) , demonstrating that tryptophan catabolism plays a role in pregnancy maintenance.
Despite its link to pregnancy maintenance, it is unclear how Ido1 is transcriptionally regulated in the placenta during early development. Through analysis of allele-specific transcriptional and epigenetic patterns of the Ido1 locus in the placenta and germline, we report that during fetal development, the Ido1 and Ido2 genes exhibit expression patterns and DNA methylation marks consistent with the locus being imprinted in the mouse placenta. We provide evidence that suggests the DNA methylation patterns are conserved in the human IDO1 gene. Furthermore, our studies suggest that altered DNA methylation of the mouse Ido1 and human IDO1 gene is linked to pregnancy loss.
Results

The Ido1 and Ido2 genes are expressed in the extra-embryonic tissue during early mouse development
Previous studies in Institute of Cancer Research (ICR) and CBA mice showed that the Ido1 transcript was first detected in the whole conceptus starting at embryonic day (E) 7.5 (37, 51) , and its expression diminished at E12.5 (51) . To determine the spatial and temporal expression patterns of the Ido1 and Ido2 genes in C57BL/6 (B6) mice, we isolated E6.5 whole conceptus and E7.5-15.5 embryonic and extra-embryonic tissues and measured total Ido1 gene expression using real-time quantitative polymerase chain reaction (RT-qPCR). Our results demonstrate that Ido1 mRNA is detected in the extra-embryonic tissues starting at E7.5 and its expression peaks at E9.5 and reduces afterwards, although is still detectable at E15.5 (Fig. 1A) . Analysis of E9.5 embryos and placentas demonstrated that the Ido1 mRNA was exclusively detected in the placenta and absent in the embryo (Fig. 1B) . Western blot analysis of protein extracts from E9.5 embryos and placentas revealed a similar pattern of protein expression (Fig. 1C) . The Ido2 gene and protein are expressed in similar temporal and spatial patterns (Supplementary Material, Fig. S1A-C) . Our results show that the Ido1 and Ido2 genes are highly expressed in E9.5 placentas in B6 mice.
The Ido1 and Ido2 genes are maternally expressed in the mouse placenta A previous study of Ido1 KO mice demonstrates that the IDO1 protein is detected in trophoblast giant cells only when the gene is inherited maternally (5). These observations suggest that the gene is potentially imprinted; however, its allele-specific transcription pattern has not been tested. To test whether the Ido1 gene is expressed in a parent-of-origin manner, we isolated E9.5 placentas from F1 hybrid mice generated from reciprocal mating of B6 and PWD/PhJ (PWD) mice. The presence of single nucleotide polymorphisms (SNPs) between the B6 and PWD mice resulted in restriction fragment length polymorphism that allowed us to measure allele-specific transcription of the Ido1 gene (Materials and Methods). Our results indicate that the Ido1 gene is almost exclusively maternally expressed, with the maternal allele contributing >92.3% of its total expression (Fig. 2) . For the Ido2 gene, we observed that its expression was also derived from the maternal allele (Supplementary Material, Fig. S1D ).
Both the Ido1 and Ido2 genes have two different transcription start sites. For the Ido1 gene (Supplementary Material, Fig. S2A ), the first transcript variant or transcript 1 (shown above to be imprinted) encodes a full-length IDO1 protein (407 amino acids). The second transcript variant, transcript 2, encodes a shorter (i.e. 316 amino acids) protein product. As imprinted genes have alternative transcripts of distinct imprinting status (e.g. (13,36) ), we next determined the allele-specific expression of Ido1 transcript 2. Our allele-specific expression analysis shows that Ido1 transcript 2 is also imprinted and maternally expressed (Supplementary Material, Fig. S2B ). The Ido2 transcript also has two variants which differ in exons 1 and 2 sequences (Supplementary Material, Fig. S2A ) with the full-length transcript 1 shown above to be imprinted. Unfortunately, we were unable to test for the imprinting status of Ido2 trancript 2 as there is no available between E6.5 to E15.5, and (B) in the E9.5 embryo and placentas. Samples tested in the E6.5 and E7.5 groups were whole conceptus and ectoplacental cone, respectively. For the time course study, 4-11 conceptuses from three dams per time point were analyzed. For the tissue-specific study, 4-5 conceptuses from two dams were analyzed. Ido1 gene expression measurement was normalized to expression of the reference genes, Arpp0 and Gapdh. All values in A and B were normalized to the housekeeping genes. No significant differences were detected among E11.5-15.5 samples. (C) Western Blot analysis of E9.5 embryos and placenta using GAPDH as a loading control.
Result represented analysis of three independent conceptuses. Data were analyzed using one-way ANOVA followed by Dunnett's multiple comparison test (A) or student t-test (B) * P < 0.05 for all statistical data. Error bars represent standard error of the mean (SEM).
Figure 2.
Restriction fragment length polymorphism analysis to show the allelespecific expression of Ido1 in E9.5 placentas. The Ido1 gene was amplified using PCR followed by restriction digest analysis. For each cross, we included both the digested ('d') and undigested ('u') PCR products. The B6-specific restriction fragments are 111 and 254 base pair (bp), while the PWD-specific fragment is 365 bp. Lane 1 is a 1 kb + ladder. Lanes 2-3 are B6 female mated to B6 male (B × B), lanes 4-5; B6 female mated to PWD male (B × P), lanes 6-7; P × P and lanes 8-9; P × B. Quantification of the digested samples revealed that the maternal allele contributes to 99.3 and 93.9% of total Ido1 expression in the BXP and PXB crosses, respectively. The figure is a representative of five independent experiments involving analysis of six mice per cross in each experiment.
SNPs at exons 1 and 2 in the B6 and PWD mice. Overall, our data demonstrate for the first time that the Ido1 locus is imprinted and the Ido1 and Ido2 genes are transcribed from the maternal allele.
The Ido1 locus is hypermethylated on the paternal allele and has low methylation on the maternal allele DMRs at imprinted loci show ∼50% total methylation in somatic tissues reflecting that DNA strands originating from one parental allele are fully methylated and the other unmethylated. Our whole-genome bisulfite sequencing analysis in E18.5 B6 fetal liver revealed a total methylation of 53.7% at six CpG sites within a 247 base pair (bp) region of the Ido1 gene (chr8: 24,594,682-24,594,928; mm10; unpublished data), suggesting that this region may harbor DMRs. To search for candidate DMRs at the Ido1 locus, we conducted bisulfite pyrosequencing analysis to measure total DNA methylation of 37 CpG sites spanning the promoter and exons 1-2 of the Ido1 gene in E9.5 placenta (Fig. 3A) . Among these sites, we observed that nine CpG sites (sites 2 to 10; Fig. 3A ) in the promoter (chr8: 24,597,072-24,597,474; mm10) and 10 CpG sites (sites 28 to 37; Fig. 3A ) within the gene body (chr8: 24,593,164-24,594,955; mm10) display an average methylation of around 50% (30-77% and 43-68%, respectively; Fig. 3B ) in E9.5 placenta, suggesting that these regions are potential candidates for DMRs. In contrast, the methylation levels in E9.5 embryos are at levels of ∼90% (data not shown).
Primary DMRs at imprinted loci are derived from distinct DNA methylation events in sperm versus oocytes (29) . Thus, total DNA methylation levels at the candidate Ido1 DMRs were examined in sperm and oocytes. As a positive control for differential methylation and to validate the purity of our collected cells, we first examined DNA methylation levels at the paternal H19 DMR and maternal Snrpn DMR in sperm and oocytes. Consistent with well-established evidence that the H19 and Snprn genes are paternally and maternally methylated genes, respectively, our analysis showed that the H19 DMR in sperm and Snrpn DMR in oocytes were hypermethylated Published genome-wide ChIP-seq data set at Ido1 locus using sperm replicate 2 (19) . In sperm, Ido1 is depleted of H3K4me3 but relatively enriched in H3K27me3. Shaded region represents the Ido1 DMR. (E) Ido1 DMR methylation profile at CpG sites 2-7 of E9.5 placenta and embryo, and gametes by bisulfite cloning sequencing. The gametes demonstrate differential methylation with oocytes hypomethylated (0%) and sperm hypermethylated (100%). The placenta shows similar differential between maternal (28.0%) versus paternal (72.5%) alleles, while the embryo is hypermethylated on both alleles (97.3 and 97.1%, respectively). Placenta and embryos were generated from B6xPWD and PWDxB6 hybrid crosses, while gametes are of B6 origin. Each circle represents an individual CpG site, while each row represents an independent original DNA strand. The solid and open circles represent methylated and unmethylated CpG sites, respectively. Maternal and paternal alleles were distinguished by SNPs between B6 and PWD mice. CpG site 6 was excluded from the analysis due to an existing SNP between B6 (C) and PWD (T) making it indistinguishable to determine if the CpG was unmethylated ('TG') or a strand of PWD origin ('TG'). All error bars represent SEM. Data were analyzed using ANOVA followed by Dunnett's multiple comparison test. P < 0.05 for all statistical analysis.
(Supplementary Material, Fig. S3A and B) . At the Ido1 gene, analysis of the region containing CpG sites 2-10 ( Fig. 3A) revealed high methylation in sperm (i.e. >90% methylation levels in all sites except for sites 7 and 10, which were 72.3% and 77.3% methylated, respectively) and low methylation in oocytes (i.e. <2% methylation in oocytes except for CpG sites 2 and 6 that were 13.7% and 24.7% methylated, respectively; Fig. 3B ). When average methylation of CpG sites 2 to 10 was calculated (Fig. 3C) , we found that E9.5 placentas displayed partial methylation (52.4% ± 5.28) while sperm and oocytes were hypermethylated and hypomethylated, respectively (91.2% ± 3.27 and 6.1% ± 2.65, respectively). These data suggest that CpG sites 2-10 constitute a candidate primary DMR. In contrast, we did not detect significant differences in DNA methylation levels at CpG sites 23-37 of the Ido1 gene in sperm versus oocytes ( Fig. 3A and B) suggesting this region is not likely to be a primary DMR.
Pre-implantation embryos undergo genome-wide epigenetic reprogramming at the time when majority of DNA methylation is erased and subsequently reestablished in the developing embryo (29) . Additionally, the vast majority of DNA methylation in sperm is erased during pre-implantation development (39) . Imprinted loci are protected from this genome-wide reprogramming event and their parent-of-origin DNA methylation is thus maintained in the developing embryo. To determine if sperm-and oocytespecific methylation patterns are maintained at the Ido1 locus in E9.5 placenta, we performed bisulfite cloning sequencing for CpG sites 2-7 in F1 hybrid mice generated from reciprocal mating of B6 and PWD mice. This method allowed us to determine the parent-of-origin DNA methylation levels at these CpG sites. Our results show that the paternal allele has significantly higher percent levels of methylation relative to maternal allele ( Fig. 3E) , suggesting that the parent-of-origin methylation pattern at CpG sites 2-7 in E9.5 placenta is mostly maintained. In contrast to the placenta, E9.5 embryos has levels of methylation close to 100% in both paternal and maternal alleles (Fig. 3E) . Consistent with the pyrosequencing results, CpG sites 2-7 are fully methylated in sperm and unmethylated in oocytes (Fig. 3E) . Thus, our collective data suggest that DNA methylation patterns of CpG sites 2-10 of the Ido1 gene are consistent with those of a paternally methylated primary DMR.
Sperm is enriched in H3K27me3 and depleted of H3K4me3 at the Ido1 locus
Although DNA methylation is the most well characterized imprinting mark, increasing evidence have demonstrated that posttranslational histone modifications are present in an allelespecific manner at imprinted loci (14, 20, 48, 55) . Previous studies at the maternally expressed H19 gene, for example, reveal that repressive histone marks including histone (H)3, lysine (K)9, trimethylation (me3) and H3K27me3 are enriched on the methylated paternal allele (19, 55) . More recently, genomewide ChIP-seq analysis in mouse sperm showed that the H19 gene is depleted in the activating histone mark H3K4me3 but moderately enriched in H3K27me3 [(19); Supplementary Material, Fig. S3C ]. Using this published ChIP-seq data set, we asked whether the Ido1 gene in mouse sperm showed enrichment or depletion of these histone marks. Interestingly, we found that similar to H19, the Ido1 gene is enriched in H3K27me3 but depleted in H3K4me3 (Fig. 3D) . These data show that differential enrichment of repressive and activating histone marks is linked to the imprinted expression of Ido1.
Ido1 methylation is significantly altered in conceptuses from the spontaneous abortion CBA/J X DBA/2 mouse model.
Previous studies have shown that the mouse Ido1 gene contributes to maternal fetal immune tolerance during pregnancy and that inhibition of IDO1 activity causes fetal loss (37) . Consistent with this, pregnancy loss in the CBA/J X DBA/2 spontaneous abortion mouse model is partly rescued by increasing IDO1 expression (31) . Due to the newly discovered role of DNA methylation in regulating Ido1 gene expression, we asked if altered DNA methylation of the Ido1 gene is linked to fetal loss in this spontaneous abortion model. CBA/J females mated to DBA/2 males (i.e. the CBA X DBA2) have increased fetal loss relative to C57BL/6 mated CBA/J females (i.e. CBA X B6), partly due to reduced maternal fetal immune tolerance (12) . We compared DNA methylation patterns of E9.5 placentas from the CBA X DBA2 versus CBA X B6 pregnancies. Because only a subset of fetuses in the CBA X DBA2 pregnancies result in resorption, we tested whether CBA X DBA2 placentas showed differences in variance of DNA methylation using a homogeneity of variance test (Materials and Methods). For this analysis, we measured methylation levels at CpG sites 4 to 7 at the center of the DMR (Fig. 3A) . The variance of DNA methylation levels at CpG sites 4 and 7 were significantly different between the CBAX B6 and CBA X DBA2 placentas ( Fig. 4 ; P-values = 0.048 and 0.008, respectively). No significant differences in DNA methylation levels were detected at CpG sites 5 and 6 (data not shown). These data suggest that altered DNA methylation of the Ido1 gene is observed in a spontaneous pregnancy loss mouse model.
Human sperm and first trimester placentas show patterns of DNA methylation consistent with the IDO1 locus being imprinted
Although species-specific differences exist, imprinting is a conserved developmental feature among mammalian species including mouse and human (7) . The human IDO1 gene has been widely implicated in cancer, immunity and inflammation (56); however, its role during early development is less well understood. Located on chromosome 8, the human IDO1 gene contains 12 exons (Fig. 5A ). To determine whether the human IDO1 gene shows evidence of imprinting, we studied DNA methylation patterns in sperm. We focused on regions that are homologous to the mouse, and analyzed 19 CpG sites in the IDO1 promoter and exons 1-2 regions (Fig. 5A) . Analysis of average DNA methylation across all 19 CpG sites reveals that the IDO1 locus is hypermethylated in human sperm and that sites 4 to 19 is methylated at levels of 84.5-99.3% (Fig. 5B ). These data suggest that similar to mouse, the IDO1 locus is highly methylated in human sperm. Methylation analysis of the paternally methylated H19 gene (10) in our sperm samples showed the expected high methylation levels at >95% (Supplementary Material, Fig. S3A ).
Due to restricted accessibility to human oocytes, we were unable to determine DNA methylation levels in the oocytes. Genome-wide methylome data in human oocytes, however, have been published (22, 38, 57) . Data analysis of published reduced representation bisulfite sequencing study in human oocytes (38) revealed DNA methylation levels of 12.07% at the human IDO1 gene. Combined with our analyses, these data suggest that similar to mouse, the human IDO1 gene is hypermethylated in sperm and hypomethylated in oocytes. To determine if human first trimester placentas show DNA methylation patterns consistent with the IDO1 gene being imprinted, we performed methylation analysis on placentas obtained from elective termination of uncomplicated pregnancies. As a positive control, we tested methylation levels at the H19 locus and found that all samples display the expected ∼50% levels of DNA methylation (Supplementary Material,  Fig. S4B ). When the IDO1 locus was analyzed, we found that it was generally hypermethylated in first trimester placentas (Figs 5B) consistent with published human placental methylome data (46) . Global analysis of DNA methylation across all CpG sites revealed highly significant differences in sperm versus uncomplicated placentas (P < 2.2e-16). Analysis of individual CpG sites demonstrated that these differences are due to altered methylation at 14 sites including CpG sites 1-3, 6, 8-10, 12-15 and 17-19 (False discovery rate or FDR <0.05; shaded grey regions in Fig. 5B ; Table 1 ). Among these sites, all CpG sites showed higher percent DNA methylation in sperm relative to placentas, except CpG sites 1-3 had lower methylation ( Fig. 5B; Table 1 ).
Because our mouse data demonstrate that the Ido1 DMR is hypermethylated in sperm and partially methylated in the placenta (Fig. 3B) , we searched whether a similar candidate imprinted DMR is present among CpG sites 6, 8-10, 12-15 and 17-19. Based on results from the mouse Ido1 gene (Fig. 3B) , we defined arbitrary cutoff methylation levels of >90% as 'highly methylated' and 30-70% as 'partially methylated'. We 
Euploid human placentas from first trimester miscarriages show significant differences in IDO1 methylation patterns relative to placentas from uncomplicated pregnancies
Although studies have supported that Ido1 plays a role in pregnancy maintenance in mice, and our data show that its methylation pattern is altered among conceptuses in a spontaneous abortion model, it is unclear whether the human IDO1 gene is involved in pregnancy success. To gain insights into the potential epigenetic contribution of the human IDO1 gene on pregnancy success, we performed DNA methylation analysis in placentas obtained from first trimester miscarriages. Because aneuploidy is a major cause for human spontaneous abortion (25), we studied only chromosomally normal or euploid placentas.
Analysis of the H19 gene shows that these tissues exhibit the expected ∼50% DNA methylation level (Supplementary Material, S3C). To explore differences between placentas from uncomplicated pregnancies and miscarriages, we compared average DNA methylation across CpG sites 1-19 and found that placentas from the two cohorts were significantly different ( Fig. 5B ; P = 7.6e-4). We subsequently focused on CpG sites 1-3, 6, 8-10, 12-15 and 17-19 which differed between sperm and uncomplicated placentas (shaded grey regions in Fig. 5B ). Average percent methylation of these CpG sites differed significantly between the two cohorts of placentas (P < 8.5e-4; Fig. 5B ) due to increased DNA methylation levels in the miscarriage placentas. When analyzed individually, however, only two CpG sites (i.e. 9 and 10) showed higher methylation in the miscarriage placentas relative to uncomplicated placentas (Table 2 ; FDR < 0.05), suggesting that the individual CpG sites were not independent entities and that the statistical differences in average percent methylation was derived from CpG * group interaction. At the candidate imprinted DMR (i.e. CpG sites 17-19), we did not observe significant differences in average methylation when individual CpG sites were tested between the placenta cohorts (data not shown). Closer examinations of methylation levels at these CpG sites revealed that while a subset of miscarriage placentas showed hypermethylation (Fig. 5B , Supplementary Material, Table S2 ), another subset were hypomethylated (i.e. placenta 101 at CpG sites 17-19 and placenta 108 at CpG site 17), resulting in significant differences in variances between the miscarriages and uncomplicated placentas (FDR < 0.05). Collectively, our data demonstrate that the overall DNA methylation patterns at the IDO1 gene significantly differ in placentas from first trimester miscarriages relative to uncomplicated placentas, and that methylation in the candidate imprinted DMR shows significant inter-individual variations in the miscarriage cohort.
Discussion
Imprinted genes play well-established roles in regulating the growth and development of the mammalian fetus and placenta. In humans, expression levels of several imprinted genes including PHLDA2, IGF2 and GRB10 have been associated with differences in birth weight, crown-rump length and head circumference (35) . In the case of PHLDA2, for example, elevated expression of this maternally expressed imprinted gene is associated with fetal growth restriction and/or low birth weight (28) . Importantly, overexpression of the mouse Phlda2 also results in fetal growth restrictions (53, 54) , suggesting that the associations in human pregnancies are causal. These studies suggest that aberrant imprinting regulation can adversely impact fetal growth potential. Thus, elucidating mechanisms underlying imprinting regulation and identifying factors that perturb imprinting may lead to the development of intervention strategies that improve fetal health and survival.
In the current study, we have found that the mouse Ido1 and Ido2 genes are imprinted in extra-embryonic tissues and exhibit mRNA expression patterns consistent with maternal-specific activation. The Ido1 promoter contains a DMR which acquires methylation imprint during spermatogenesis as it is devoid of methylation in oocytes but is highly methylated in sperm. Importantly, Ido1 paternal-specific DNA methylation is mostly maintained in E9.5 placenta suggesting that it is a primary DMR. We noted, however, that DNA methylation level of the paternal allele in the placenta is lower than that of sperm, suggesting that the region is not fully protected from the genome wide demethylation event that occurs in pre-implantation embryos. Of the primary DMRs characterized so far in imprinted loci, only three are paternal DMRs (i.e. acquire methylation during spermatogenesis) including the H19/Igf2, DLk1-Gtl2 and Rasgrf1 (29) . A fourth locus has been described, the Gpr1/Zdbf2, but its regulatory role on imprinted expression is unknown (26) . Our study shows that germline and allele-specific DNA methylation patterns at the Ido1 DMR exhibits features of a paternal DMR. Similar to other paternal DMRs (46) , the Ido1 DMR has low CpG content. It is, however, distinct relative to other paternal DMRs which are all intergenic (46) because of its position at the promoter. The functional role of the Ido1 DMR as well as its precise size remain to be determined. Identification of known consensus binding sites reveals that the Ido1 DMR is a binding site for XPF-1 and CP2, transcription factors known to be associated with imprinted genes in human and mouse placenta (49) ; whether these are elements regulating imprinting of the locus should be determined in the future. Furthermore, as most imprinted loci contain multiple genes which are maternally and paternally expressed (7), it is possible that imprinting at the Ido1 locus extends beyond the maternally expressed Ido1 and Ido2 genes. More detailed studies are thus needed to further characterize the imprinting regulation of this locus.
Enzymatic activity of the Ido1 gene product plays an important role during pregnancy. IDO1 activation is the ratelimiting step in catabolism of tryptophan that produces kynurenine which supports maternal immune tolerance (52) . One proposed mechanism is that increased kynurenine at the maternal-fetal interface promotes aryl hydrocarbon receptordependent T cell differentiation into regulatory T cells or 'Tregs', a subset of T cells that maintain peripheral self-tolerance (56) . Both IDO1 inhibition and Tregs depletion have been linked to fetal loss (2, 37) . It was previously unknown, however, whether changes in transcriptional regulation of the Ido1 gene is linked to pregnancy success in mice. To gain insights into the role of DNA methylation of Ido1 in pregnancy maintenance, we compared the CBA X DBA2 and CBA X B6 conceptuses. Early studies revealed a high rate of fetal loss in DBA/2-mated CBA/J females, but not B6-mated CBA/J females (17) . Starting at E7.5, loss of cellular contact between decidual and ectoplacental cone cells was observed in a significant proportion of CBA X DBA2 conceptuses, and complete resorption occurred between E10.5 and E12.5 (21) . It has been postulated that the CBA X DBA2 pregnancies are deficient in maternal immune-suppressive factors that are essential for fetal protection (17) . Our studies reveal that ∼20% of CBA X DBA2 placentas have significantly higher DNA methylation levels at CpG sites 4 and 7 of the Ido1 gene relative to average methylation in the CBA X B6 placentas (Fig. 4) . Although we have not determined whether increased DNA methylation is causatively linked to pregnancy loss, the proportion is consistent with previous reports of the 20-30% fetal loss rate in the CBA X DBA2 pregnancy (12) . Future studies to causatively link expression and methylation of the Ido1 gene would benefit from the functional characterization of the DMR.
Published studies in human oocytes (38) and our current study of human sperm and first trimester placentas from uncomplicated pregnancies suggest that the human IDO1 is also imprinted. Interestingly, our human studies show that placentas from first trimester pregnancy loss have significantly different IDO1 DNA methylation levels relative to placentas from uncomplicated pregnancies mostly due to increased methylation in the miscarriage group. Future studies should determine whether altered DNA methylation of the IDO1 gene is directly linked to changes in IDO1 gene and protein expression, and whether altered expression is causatively linked to first trimester human pregnancy loss. At least seventeen genetic variants of the human IDO1 gene have been identified (3) and two variants (i.e. an Arg77His SNP and a 9 bp deletion in exon 7) result in significantly reduced IDO1 protein expression and loss of enzymatic activity. Thus, molecular characterization of the human IDO1 gene will further elucidate genetic factors that are linked to increased susceptibilities to pregnancy loss.
Despite these interesting observations, we noted at least two limitations in our study. First, mice with engineered deletion of the Ido1 gene are viable and fertile (45) . These observations suggest that in the absence of Ido1, other mechanisms that are involved in maternal-fetal immune tolerance compensate. Furthermore, although our study is the first suggestion of an imprinted locus on mouse chromosome 8, we are unaware of studies reporting lethality in mice carrying uniparental disomy for chromosome 8. Second, although our DNA methylation analysis in human sperm and first trimester placentas support that imprinting of Ido1 is conserved in humans, we have not directly tested IDO1 parental-specific expression to validate this observation.
In summary, our studies have revealed that Ido1 is a novel and potentially conserved imprinted locus. We demonstrate that altered DNA methylation of the Ido1/IDO1 gene is linked to pregnancy loss in both mice and humans. Although maternal immunological incompatibilities underlie a significant proportion of human infertility and miscarriages (23, 30, 40, 52) , elucidation of the underlying mechanisms remains one of the most challenging questions in reproductive immunology. Our studies suggest that epigenetic alteration of the IDO1 gene may contribute to some cases of human pregnancy loss, although the precise mechanisms remain to be determined. Future studies should also determine whether the Ido1 DMR represents a cisacting regulatory element at the locus and elucidate whether genetic and environmental factors perturb its regulation, leading to reduced pregnancy success.
Materials and Methods
Mouse information
Studies to measure expression of both parental alleles (i.e. designated as total expression) were conducted using the C57BL/6 J strain, DNA methylation studies using the B6, CBA/J (CBA), and/or DBA/2 J (DBA2), and allele-specific expression with the B6 and PWD/PhJ (PWD). Mice were purchased from JAX (Bar Harbor, ME). Virgin, 6-10 week females were used for all matings. Females were time-mated and euthanized between embryonic day (E) 6.5 and 15.5. At these stages, we carefully removed maternal decidua, and isolated embryonic and extraembryonic tissues for analysis. For allele-specific expression and bisulfite cloning sequencing analysis, E9.5 F1 hybrid progeny were obtained through reciprocal matings between B6 and PWD. For studies on the spontaneous abortion mouse models, we generated E9.5 F1 hybrid progeny from the matings of CBA females with DBA2 or B6 males. This stage was selected as Ido1 expression in extraembryonic tissue peaks at E9.5 [ Fig. 1A ; (51)]. Furthermore, the embryos and placentas are sufficiently separated at this stage, so that contamination of the placenta with maternally derived decidua is minimized. In the allelespecific expression and bisulfite cloning sequencing studies, SNPs between the two strains were used to distinguish the parental origin of expression. For sperm analysis, we collected mature sperm from the cauda epidydimus of 10-12 week old male mice. For oocyte analysis, germinal vesicle-stage oocytes were retrieved from 4-week-old female mice. Once isolated, tissues or cells were immediately frozen and stored at −80
• C until analysis. All mouse work was carried out with the approval of the University Committee on Animal Resources of the University of Rochester School of Medicine and Dentistry.
Human tissues collections
For the uncomplicated pregnancy cohort: Tissues were collected at the University of Rochester Department of Obstetrics and Gynecology. The villi of first trimester (6-12 weeks) placentas (n = 10) were collected anonymously from elective pregnancy terminations. Placentas from pregnant women with known complications or abnormalities, including sexually transmitted infections, diabetes, hypertension, kidney disease, genetic abnormalities and cigarette or illicit drug use were excluded from this study. All tissues collected for this study were from informed and consented women. Collection of tissues was approved by the Institutional Human Subjects Review Board at the University of Rochester. For the miscarriage cohort: The villi of placentas from first trimester miscarriages (n = 13) were collected by the Yale Cytogenetics Department. Microarray or Comparative Genomic Hybridization was performed at the Yale Cytogenetics Department on DNA extracted from these tissues for clinical purposes prior to performing the current study. For sperm: sperm (n = 4) DNA was provided by Yale Fertility Center Andrology Laboratory. As first trimester miscarriages and sperm were obtained from discarded tissues, the study was exempt from the Institutional Review Board human subject regulations at Yale School of Medicine.
Gene expression studies
RNA was extracted using the RNeasy mini kit (Qiagen, Germantown, MD) according to the manufacturer's protocol and quantified using the Nano Drop spectrophotometer. cDNA was prepared by RT-PCR using Superscript IV reverse transcriptase and random hexamers (Invitrogen, Waltham, MA). To test that RNA was free of DNA contamination, a minus reverse transcriptase control was included.
Total gene expression. Total RNA was extracted from E6.5 whole conceptus, E7.5 ectoplacental cones and E9.5, E11.5, E13.5 and E15.5 placentas as described above. 
DNA methylation analysis in mouse
For placental tissues, DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen). Sperm DNA extraction was performed using the phenol chloroform method as previously described (9) . DNA was quantified using the Nano Drop spectrophotometer. We performed bisulfite treatment of DNA using the EpiTect Bisulfite kit (Qiagen) in all tissues, except for E6. Second-round PCR products were gel extracted and purified (Qiagen) and ∼5.63 ng of purified product was used for TA Cloning Kit with TOP10 competent cells (Thermo Fisher, Rockford, IL). Colonies were harvested, miniprepped (Qiagen), and sequenced (Genewiz, South Plainfield, NJ). Parent-of-origin methylation was determined by confirmation of the three SNPs present between C57BL/6J and PWD/PhJ mice as follows: G/T (Ch8:24,597,831mm10), G/T (Ch8:24,597,746 mm10) and G/A (Ch8:24,597,672 mm10). For this study, we used E9.5F1 hybrid placentas and embryos from the reciprocal crosses of B6 and PWD mice, and B6 sperm and oocytes.
DNA methylation analysis in human
DNA from placentas in the uncomplicated pregnancy cohort was extracted using the Qiagen DNeasy Blood and Tissue kit.
DNA from sperm and miscarriage cohort was provided by Yale Cytogenetics Department and Yale Fertility Center Andrology Laboratory, respectively. Prior to analysis, we quantified DNA using a NanoDrop spectrophotometer. We conducted pyrosequencing analysis to measure DNA methylation of 19 CpG sites spanning the promoter and intron 1 regions of the human IDO1 gene (chr8: 39,913,809 -39,928,790). PCR and sequencing were performed as described above for methylation studies in mice. Human pyrosequencing primers are listed in Supplementary  Table S1 . Human H19 pyrosequencing assay has been previously published (41, 58) .
Statistical Analysis
For mouse studies: to evaluate differences in Ido1 and Ido2 mRNA expression, we performed unpaired t-test analysis (i.e. embryo versus placenta) or one-way analysis of variance (ANOVA) and Dunnett's posttest (i.e. developmental expression). To compare average DNA methylation across placentas, sperm and oocytes, we used ANOVA followed by Dunnett's multiple comparisons test. To compare differences in DNA methylation variances in CBAXB6 versus CBAXDBA/2 pregnancies, we used the F variance ratio test. For human studies: a quasibinomial generalized linear model with a logit link was used to model differences in percent methylation of CpG sites between sperm, uncomplicated placentas and miscarriage placentas. Nested models were compared using a deviance F-test. Differences in percent or variance in methylation for individual CpGs were assessed using a t-test or homogeneity test of variance, and the corresponding P-values were adjusted for multiple comparisons using the BenjaminiHochberg method (11) . P-values and FDR of <0.05 were considered to be statistically significant.
Supplementary Material
Supplementary Material is available at HMG online.
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